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Abstract: Although sulfurated polymers promise unique properties, their controlled synthesis, particularly when it 
comes to complex and functional architectures, remains challenging. Here, we show that the copolymerization of 
oxetane and phenyl isothiocyanates quantitatively forms polythioimidocarbonates with narrow molecular weight 
distributions (Mn = 5–80 kg/mol with Đ ≤ 1.2; Mn,max = 124 kg/mol). Studying their thermal properties through a 
specially developed self-nucleation procedure, high melting points up to 181 ºC are revealed for which π-stacking 
phenyl substituents and kinetically controlled linkage selectivity are key factors. Tolerance to macro-chain transfer 
agents and controlled propagation allows the synthesis of double crystalline and amphiphilic block copolymers that 
enables application in crystallization-driven self-assembly, an unventured territory for sulfurated copolymers. 

Sulfur-containing polymers can exhibit improved 
semi-crystallinity, recyclability and degradability 
compared to their all-oxygen-containing 
counterparts, as well as unique properties, such as 
high refractive indices as well as the ability to 
coordinate transition metals rendering them for 
example useful in optical and sensor applications.1–

11 Here, ring-opening copolymerization (ROCOP) of 
a strained heterocycle with a heteroallene such as 
CS2, COS, and RNCS can provide access to a range 
of polymer structures that would not be easily 
attainable otherwise.12 Much work has focused on 
the copolymerization of substituted epoxides to 
produce poly(imido)thiocarbonates using these 
methods.13–21 However, these polymers are 
amorphous if the tacticity of the resulting 
stereocenter is not controlled. Moving to the 
unsubstituted case, namely ethylene oxide, does 
lead to semi-crystalline materials in e.g. the 
copolymerisation with COS yielding poly(ethylene 
monothiocarbonate) with a melting point (Tm) of 
128°C as now no tacticity control is required, the 
drawback however is that ethylene oxide is an 
explosive and highly toxic gas requiring specialised 
reaction set-ups limiting its’ usefulness and 
applicability in standard research laboratories.22,23 
Transitioning to their unsubstituted liquid four-
membered analogue, trimethylene oxide, also known 
as oxetane (OX), can also lead to unsubstituted 
polymers that are semi-crystalline. In this context, 
copolymerization of OX with COS yields 
poly(trimethylene monothiocarbonate) with a Tm of 
128°C.24,25 Overcoming practical challenges related 
to the use of gaseous COS, our group and the group 
of Zhang recently reported linkage-selective CS2 (a 
liquid) ROCOP with OX, delivering poly(trimethylene 
dithiocarbonate) with a lower Tm of 82–89°C.26,27 
However, both copolymerizations result in polymers 
with a broadened molecular weight distribution (Đ > 
1.5) even at molecular weights below Mn = 20 kg/mol. 
This suggests the occurrence of side reactions 
alongside propagation, such as chain-end coupling 
and transesterification processes.28 Hence moving 
down the periodic table, while introducing unique 
material properties, comes at the expense of more 
side reactions, a problem that extends to many other 

sulfurated polymer synthesized via ring-opening co- 
and terpolymerisation.29–36  

 

Figure 1: (a) PhNCS/OX ROCOP scheme, 1H and 13C NMR (CDCl3) 
with assignment corresponding to Table 1 run #1. Overlaid GPC 
traces of (black) copolymer corresponding to table 1 run #1 and 
(blue) copolymer obtained from an analogous run in presence of 20 
eq. 1,4-benzenedimethanol acting as a bifunctional chain-transfer 
agent. 

These processes reduce the resulting molecular 
weights and complicate the application of these 
polymerizations in the synthesis of more complex 
architectures. Achieving the latter would allow one to 
rationally combine the properties of established 
polymers with those of sulfurated ones to obtain new 
functional materials. The improved semi-crystallinity 
of sulfurated polymers suggests their usefulness in 
applications requiring spatially confined 
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crystallization, such as crystallization-driven self-
assembly.37,38 However only polyethylenesulfide and 
no sulfurated polyheterocarbonates or esters from 
RO(CO)P, has been successfully applied in such 
cases perhaps due to the challenging synthesis of 
the required amphiphilic block polymers.39,40 Seeking 
to address some of these issues, we report here that 
the copolymerization of PhNCS with OX grants easy 
access to sulfurated polymers with high melting 
points and low dispersities as well as their 
crystallization driven self-assembling block 
polymers. To achieve the copolymerisation of 
PhNCS and OX we employed our recently developed 

heterobimetallic Cr(III)Rb catalyst combining a 
Cr(III)OAc with a RbOAc complex fragment (LCrRb, 
see ESI Section S1) which has performed well with 
other sulfurated monomers.26,41 PhNCS/OX ROCOP 
with LCrRb (Table 1 run #1) at a loading of 1 eq. 
LCrRb: 1000 eq. PhNCS: 1000 eq. OX (neat) and 80 
ºC for 60 min produces a solid reaction mixture. NMR 
analysis of the crude mixture reveals 88 % PhNCS 
and OX consumption and dessymmetrisation of the 
initially symmetric OX protons into three major CH2 
signals in the 1H NMR spectrum to broad resonances 
indicating selective polymer formation without any 
small molecule byproducts. 

 

Table 1: PhNCS/OX copolymerization 

Run Cat. Cat:PhNCS:OX T [ºC] t [h] TOFa Polymer 
Selectivity [%]b 

ONS 
Selectivity [%]c 

Mn, app 
[kg/mol] (Đ)d 

#1 LCrRb 1:1000:1000 80 1 920  >99 95 42.2 (1.19) 

#2 LCrNa 1:1000:1000 80 8 180 >99 78 19.4 (1.20) 

#3 LCrK 1:1000:1000 80 7 150 >99 87 39.0 (1.16) 

#4 LCrRb 1:1000:1000 100 0.3 3300  >99 91 28.0 (1.24) 

#5 LCrRb 1:1000:500 80 1 1500  >99 94 31.7 (1.16) 

#5 LCrRb 1:2000:2200 80 2 n.d. >99 95 80.4 (1.20) 

#7 LCrRb 1:8000:8200 80 24 n.d. >99 95 124.0 (1.70) 

#8 LCrRb 1:50:50 80 1 n.d >99 95 4.6 (1.18) 

#9e LCrRb 1:1000:1000 80 20 110 89 95 26.0 (1.08) 

aTurnover frequency (TOF) determined from fitting to initial linear region of the conversion versus time plot obtained by aliquot 1H NMR analysis. b 
Relative integral in the normalised 1H NMR spectrum of resonances from polymer versus small molecule by-products. c Relative integral in the 
normalised 1H NMR spectrum of resonances from ONS repeat units versus OSN repeat units. d Apparent number averaged molecular weight 
determined by GPC (gel permeation chromatography) measurements conducted in THF, using narrow polystyrene standards to calibrate the 
instrument. e Cyclohexyl isothiocyanate was employed in place of PhNCS. 

The polymer can be easily isolated from the 
unconsumed monomers by precipitation from 
DCM/MeOH followed by drying under vacuum 
yielding a colourless solid. NMR spectroscopy 
reveals equimolar incorporation of PhNCS and OX in 
the isolated polymer and a major heterocarbonate 
13C NMR resonance at 157 ppm corresponding to a 
polymer with –(CH2)3-O-C(=NPh)-S- links 
(abbreviated as ONS linkage) in its repeat unit. The 
imido -C=N- group can also be seen by IR 
spectroscopy with a characteristic band at ṽ = 1630 
cm-1. GPC analysis of the isolated polymer reveals a 
bimodal molecular weight distribution with Mn = 
42.2 kg/mol (Đ = 1.19) comprising two narrow 
overlapping distributions where one is centred 
around ca. half the molecular weight of the other (i.e. 
30 and 60 kg/mol). This can be explained by two co-
occuring initiation events starting a very controlled 
PhNCS/OX copolymerisation.42 IR spectroscopy let 
us identify aliphatic ester bands (ṽ = 1737 cm-1, see 
ESI Figure S16) from initiation by the acetate 
coligands of LCrRb whereas end-group analysis by 
the 31P-test also unambiguously shows the formation 

of alcohol chain ends (see ESI Figure S17). 

Combined this suggests the formation of -OAc-
OH functional chains. However as the obtained 
molecular weight is somewhat lower than the 
theoretical molecular weight (Mn,theo = 170 kg/mol), 
we infer that chain-transfer reactions with 
bifunctional protic impurities (typically diols or H2O) 

lead to the formation of -OH telechelic chains 
which the weight difference of the overlapping 
distributions supports. Accordingly deliberate 
addition of bifunctional alcohol chain-transfer 
reagents (1,4-benzenedimethanol, 20 eq. per 
LCrRb) to an otherwise analogously conducted 
copolymerisation leads to a reduction of the obtained 
molecular weight to Mn = 15.2 kg/mol as well as an 
apparently monomodal molecular weight distribution 

with a slightly lower dispersity as now -OH 
telechelic chains dominate the sample. Importantly, 
these results show that propagation during 
PhNCS/OX ROCOP is very controlled as 
multimodality arises from different initiation 

processes.  
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Figure 2: (a) Zoom into the 13C NMR corresponding to table 1 run #3. (b) Hypothetical intermediate speciation leading to ONS and OSN links; M 

denotes metal catalyst, Rn denotes polymer chain. (c) Computed free energy profile of step (ii) in PTA/OX ROCOP on the B97XD/def2-TZVPP 
level of theory. 

With or without added chain-transfer agent, close 
inspection of the 1H NMR spectra reveals a second 
minor set of resonances (5% by integration of the 1H 
NMR spectrum). These are associated with a 
heterocabonate 13C resonance at 188 ppm (Figure 
2(a)) that can be assigned to thionouretane –(CH2)3-
O-C(=S)-NPh- (OSN) links which effectively 
represent isomerised ONS groups. Formation of both 
ONS and OSN links be rationalised by a propagation 
mechanism as depicted in Figure 2(b).43 Here 
catalyst bound alkoxide intermediates A, stemming 
from the OX ring opening in step (i), form an apparent 
catalyst bound thioimidocarbonates C upon PhNCS 
insertion in step (ii) which react with OX keeping the 
C=N bond intact to regenerate A and form an ONS 
link. Alternatively, C can react from an isomerised 
structure C’, in which the nucleophilic reactivity is 
centred on the nitrogen rather than the sulfur atom, 
to form an OSN-link keeping the C=S double intact. 
To investigate which energetic factors govern the 
preferential formation of ONS links during 
propagation we turned to DFT modelling on the 

B97XD/def2-TZVPP level of theory (see ESI 
Section S8). The assumption of the structure of C or 
C’ in which the chain end is coordinated in proximity 
to the incoming OX monomer was chosen in 
reference to related heteroallene copolymerisations 
of bimetallic catalysts.19,44 Here chain end 
coordination occurs at the alkali metal while OX 
activation occurs at the adjacent Cr(III) centre on the 
same side of the catalyst plane. Geometry 
optimization of the heterocarbonate bound 
intermediate allowed for the localisation of two 
discrete minima, in which the heterocarbonate group 
at the chain-end and the OX either arrange in a 

coplanar (G = 8.6 kcal/mol) or an almost 

perpendicular fashion (G = 0.0 kcal/mol). The 
perpendicular arrangement allows for a SN2-type 

nucleophilic attack via the sulfur atom to form an 
ONS link, which is associated with an activation 

barrier of G‡ = 23.5 kcal/mol. The attack via the 
nitrogen atom to form an OSN link, however, requires 
rotation of the coordinated OX to allow for a SN2-type 
nucleophilic attack of the nitrogen atom with an 

overall barrier of G‡ = 26.4 kcal/mol. In terms of 
insertion thermodynamics, the resulting catalyst 
bound alkoxide intermediate A has a formation 
energy of -18.1 kcal/mol in the OSN and -13.1 
kcal/mol in the ONS case. Combined this shows that 
the predominantly observed formation of the ONS 
link occurs on kinetic grounds against what would be 
the thermodynamically favoured polymer 
microstructure. 

Next, we studied the effects of catalyst choice, 
monomer loading and reaction temperature on the 
linkages formed. Changing the alkali metal from Rb 
(TOF 920 h-1, 95% ONS, run #1) to Na (TOF 180 h-

1, 78% ONS, run #2) or K (TOF 150 h-1, 87% ONS, 
run #3) leads to a substantial decrease of the 
reaction rate as well as more OSN links 
demonstrating a clear influence of metal-metal 
cooperativity on the catalysis. Hence, we continued 
our studies with LCrRb. Moving from 80 to 100ºC 
(run #4) leads to an approximate tripling of the rate 
to a high TOF of 3300 h-1 while somewhat reducing 
molecular weights. Deviating from the 1:1 
PhNCS:OX ratio (run #5) maintains rates and 
selectivity. Decreasing the catalyst loading 
expectedly increases molecular weights to Mn = 80.4 
(Đ = 1.20, run #6) and 124.0 kg/mol (Đ = 1.70, run 
#7). Conversely at the lowest loading, decreased 
molecular weights of Mn = 4.6 kDa (Đ = 1.18, run #8) 
are obtained demonstrating that the methodology 
lets one access a wide range of weights. 

https://doi.org/10.26434/chemrxiv-2024-wqjcw ORCID: https://orcid.org/0000-0002-7984-2985 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-wqjcw
https://orcid.org/0000-0002-7984-2985
https://creativecommons.org/licenses/by/4.0/


 
Figure 3: (a) DSC measurements of the polymer sample corresponding to Table 1 run #1. (b) First cooling from selected Ts temperatures and (c) 
subsequent heating after cooling from Ts. Polarized optical microscopy images of recrystallised polymers corresponding to (d) Table 1 run #1 and 
(e) Table 1 run #3; round objects surrounded by thick black edges are air bubbles

Next, we studied the thermal properties of the novel 
poly(thio)imidocarbonate. Figure 3(a) shows DSC 
curves corresponding to the material obtained from 
Table 1 run #1. The first heating run of the as-
synthesized sample shows a complex multimodal 
endotherm associated with the melting of crystals. 
The origin of the multiple melting peaks (one broad 
peak at approximately 140 ºC, followed by two sharp 
peaks at 165 and 176 ºC) is probably due to melting 
and reorganization processes during the heating 
scan performed at 10 ºC/min. The semi-crystalline 
nature of the polymer could be confirmed by WAXS, 
showing a degree of crystallinity (Xc) of 52% of the 
as-synthesized material. Interestingly, the polymer 
cannot crystallize during cooling at 10 ºC/min, as 
shown in Figure 3a (see the cooling scan from the 
melt and the second heating scans that only display 
glass transitions), and this is also the case for slower 
cooling rates of 5 and 1 ºC/min. In view of these 
results, we design a self-nucleation procedure to 
investigate if self-nuclei could induce crystallization 
and prove that the reason behind the lack of 
crystallization from the melt is the slow non-
isothermal kinetics of the material. Our procedure 
could represent a generally applicable tool for the 
study of sulfurated polymers showing slow 
crystallisation.27,41,45 The self-nucleation procedure 
(SN) procedure employed (see ESI Section S1) 
consists of utilizing an as-synthesized sample (which 
is semi-crystalline, as proven in the first heating run 
of Figure 3(a)) and heating it (at 10 ºC/min) to a 
temperature that we shall denote Ts or self-nucleation 
temperature. Then, the sample remains at Ts for 3 
minutes before it is cooled at 10 ºC/min; hence SN 
employed differs from traditional SN.46,47 Depending 
on Ts, three self-nucleation domains can be defined 
as follows. The sample will be molten (in the melting 
Domain, or Domain I, color code: red in Figure 3(b) 
and Figure 3(c)) if Ts is higher than the end of the 
melting temperature of all crystals present in the 
sample. In this case, we erased all crystalline thermal 
history, and the sample is not able to crystallize 
during cooling from such a high Ts value. The sample 
will be self-nucleated (Domain II or self-nucleation 
Domain, color code: blue in Figure 3(b) and Figure 
3(c)), when Ts is high enough to melt most of the 

crystals but low enough to leave some self-nuclei. 
These are regions of the sample where the melt is 
not isotropic, and the chains retain some of the 
conformational order they had in the crystals (self-
nuclei), or even tiny crystal fragments (i.e., self-
seeds). Upon cooling from Ts, the sample will 
crystallize due to self-nucleation and the second DSC 
melting trace does not change significantly. Finally, if 
the Ts is too low, Domain III is entered (color code: 
green in Figure 3(b) and Figure 3(c)). The sample 
only partially melts and the unmolten crystal 
population will anneal during the 3 min at Ts. Upon 
cooling from Ts, the sample crystallizes at a higher Tc 
value because of the self-seeding effect of the 
unmolten crystals, and when the sample is heated for 
a second time, an additional higher temperature 
endothermic peak will be generated due to the 
melting of the annealed crystals. 

 Figure 3(b) shows cooling scans from the indicated 
Ts values, while Figure 3(c) shows the subsequent 
heating scans. According to the previous definitions 
of the self-nucleation domains, 183 ºC is a Ts within 
Domain I, as the sample melted completely, erasing 
any melt memory in the material and preventing 
crystallization. If the Ts is lowered to 180 ºC, the 
sample can be efficiently self-nucleated. This 
process (i.e., SN) accelerates the non-isothermal 
crystallization (that comprises both nucleation and 
growth), and the sample can crystallize with a clear 
and sharp crystallization exotherm at Tc=127 ºC 
during cooling from Ts=180 ºC, see Figure 3(b). 
Hence, this temperature is within Domain II. If Ts is 
further lowered to 176 ºC, the sample enters Domain 
III, as the temperature falls within the melting range 
of the material, causing partial melting. The sample 
is able to crystallize self-seeded by the unmolten 
crystals (Figure 3(b)). The unmolten crystals anneal 
during the 3 min at Ts=176 ºC and melt in the second 
heating with a sharp peak at 181 ºC. This is one of 
the highest melting points reported to date for 
ROCOP copolymers without tacticity control and 
furthermore lies far above many recently developed 
sulfur-containing polymers.3,45,48–52 Similar melting 
points for these class of copolymers are have only 
been achieved where molecular weights are limited 
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(Mn < 20 kg/mol) or not controllable due to e.g. side 
reactions or zwitterionic propagation pathways.23,53–

55 Polarized Light Optical Microscopy (PLOM) reveals 
that the crystals formed during cooling were smaller 

than 0.5 m and could not be observed by the limiting 
resolution imposed by the wavelength of visible light. 
However, after annealing the samples at room 
temperature for 2 days, crystal superstructures were 
able to grow, and their microcrystalline texture of 
small superstructural aggregates was revealed as 
seen in Figure 3d. Furthermore, DSC and PLOM 
were also performed with the sample from Table 1 
run #3, which has a similar Mn but less chain 
regularity (87% ONS-links). Although the sample is 
also semi-crystalline (Xc = 53% by WAXS), after SN, 
it crystallizes and melts at lower temperatures than 
sample #1 (with 95% ONS links). Figure 3(e) shows 
the polymer with decreased ONS selectivity forms 
much smaller crystalline aggregates than the one 
from Table 1 run #1. Intrigued by the semi-crystallinity 

of the copolymers we wondered whether this is an 
inherent feature of these OX copolymers comprising 
the ONS repeat unit. Copolymerising the saturated 
analogue of PhNCS namely 
Cyclohexylisothiocyanate with OX (table 1, run #10) 
leads to copolymerisation at a reduced rate of 110 h-

1 and polymer selectivity of 89% versus small 
molecule byproducts. Nevertheless, the copolymer 
forms in perfect ONS selectivity with a very narrow 
and monomodal (Đ= 1.08) distribution of Mn = 26.0 
kg/mol. The material is amorphous by DSC with a 
Tg=8 ºC which is also apparent from its’ translucent 
nature. This shows that phenyl substitution is vital for 

semi-crystallinity which we infer to be due to -
stacking as the cyclohexyl substituent has similar 

size but possess no -system for such interactions 
resulting in an amorphous material.

 

 

Figure 4: (a) PEG-b-(PhNCS-co-OX) synthesised by macro chain transfer strategy. (b) Polarised optical microscopy image of recycrystallised 
blockpolymer. (c) First cooling from the indicated Ts temperatures and subsequent second heating curve in DSC self-nucleation experiments for 

the blockpolymer.  

Since our results above show that the 
copolymerisation methodology tolerates chain 
transfer reactions with alcohols, we hypothesized 
that the addition of alcohol-terminated polymers 
acting as macroinitiators could give easy access to 
functional block polymers. Hence, we added 20 
equivalents of polyethyleneglycol-monomethylether 
(i.e Me-PEG-OH) to a copolymerisation comprising 1 
eq. LCrRb: 1000 eq. OX: 1000 eq. PhNCS and 
obtained a polymer with a final apparent Mn of 8.0 
kDa (Đ = 1.01) after precipitation of the crude mixture 
from DCM/MeOH. Block polymer formation is clearly 
indicated by the increase in apparent molecular 
weight compared to the stand-alone Me-PEG-OH 
macroinitiator. 1H NMR spectroscopy of the 
precipitated polymer in CDCl3 shows an approximate 
PEG to PhNCS-co-OX repeat unit ratio of 3:1 by 
integration. Assuming an Me-PEG length of Mn = 5 
kDa (as specified by the supplier) and therefore a DP 
of 133, this corresponds to a DP of the PhNCS-co-
OX of approximately 37. Note that some short 
acetate-initiated chains due to the co-ligands of the 
LCrRb catalyst might have formed alongside Me-
PEG-OH initiated chains via chain-transfer during the 

polymerisation and might be present in the sample, 
although the narrow dispersity indicate that the 
sample primarily composes of diblock polymer. The 
non-isothermal standard DSC runs (Figure S 38) 
show that this diblock copolymer features two distinct 
crystalline phases for the PEG and PhNCS-co-OX 
blocks respectively with an overall crystallinity by 
WAXS of Xc = 49%. Once again, Figure 4(c) shows 
that SN is an effective way to introduce self-nuclei 
capable of inducing crystallization upon cooling from 
the appropriate Ts temperature. Furthermore, as the 
PhNCS-co-OX block crystallizes at higher 
temperatures from the self-nucleated melt (between 
94 and 142 ºC depending on Ts, see Table S4), these 
crystals can nucleate the PEG block that crystallizes 
at much lower temperatures (between -21 and 9 ºC). 
The lower the Ts temperature, the higher the 
crystallization of both blocks and, in particular, the 
PEG block, as judged by the latent enthalpies of 
crystallization reported in Table S 4. Taken together, 
our results indicate that this diblock copolymer has a 
clear tendency to self-assemble into distinct 
crystalline phases. As the constituents have distinct 
solubilities, i.e., PEG being soluble in water and 
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alcohols while PhNCS-co-OX is not, we 
hypothesized that the polymer could be applied in 
solution self-assembly, which is particularly 
interesting due to the semi-crystalline but slowly 
crystallising nature of the PhNCS-co-OX block. This 
is an unexplored field for sulfurated ROCOP and 
ROP polymers (except polyethylenesulfide) as the 
synthesis of the required amphiphiles can be 
challenging. First, self-assembly in water was 
investigated via aqueous precipitation. For this 
purpose, the block polymer was dissolved in 1,4-
dioxane and then added dropwise to an aqueous 
solution under vigorous stirring. Self-assembly is 
immediately apparent from the formation of a cloudy 
but homogeneous solution due to the Tyndall effect. 
Dynamic light scattering (DLS) shows nano-objects 
with an average size of 126 nm and a dispersity of 
0.27. The solution remains stable and the DLS trace 
remains unchanged over multiple weeks highlighting 
the stability the aggregates. Cryo transmission 
electron microscopy (Cryo-TEM) reveals the 
formation of spherical aggregates. Statistical 
evalulation of 100 nano objects reveals an average 
core-diameter of 29.6 ± 0.2 nm (Figure 5(a)). Other 
than these we observe some elongated aggregates 
with an approximate length of 100-200 nm and a 
thickness of 10-30 nm although there are too few for 
a statistical evaluation (ESI Figure S 42). 
Furthermore a 5-10 nm thick corona presumably 
corresponding to the water-soluble PEG periphery 
surrounding a hydrophobic PhNCS-co-OX core can 
be observed. Assuming a stretched conformation of 
the PhNCS-co-OX core implies a single repeat unit 
extends across approximately 0.8 nm based on 
simple trigonometric considerations and hence 37 
repeat units extend across a maximum of 30 nm 
(Figure S 47). Therefore, the formation of micellar 
aggregates appears likely as the core diameter of the 
object observed fall within this range. The elongated 
aggregates comprise multiples spherical aggregates 
merging rather than regular cylindrical structures, 
and this suggest that the cores are amorphous in 
nature rather than semi-crystalline. We infer that this 
is due to the slow crystallisation kinetics of PhNCS-
co-OX as observed in our DSC studies. We 
hypothesized that moving to a weaker nonsolvent for 
the PhNCS-co-OX block in the self-assembly 
procedure and introducing an additional annealing 
step might provide sufficient time for core-
crystallisation as the insoluble central block is 
precipitated less abruptly.56–58 This procedure is 
efficiently used in crystallization-induced self-
assembly (CDSA) of crystalline-coil diblock 
copolymers, yielding defined core-crystalline 
micelles in selective solvents for the corona forming 
blocks. Hence, we repeated the self-assembly 
procedure outlined above with ethanol in place of 
water as the nonsolvent for the crystallizable 
PhNCS-co-OX block followed by heating the 
resulting dispersion at 80°C for 1 day. Formation of 
a turbid solution due to the Tyndall effect that exhibits 
no sedimentation of the precipitate over the course 
of weeks again suggest self-assembly of the block 
copolymer. 

 

Figure 5: (a) Cryo-TEM image of spherical micellar aggregates 
obtained via aqueous nanoprecipitation and statistical evaluation of 
mean diameter. (b) TEM images of cylindrical micelles and 
statistical evaluation of mean thickness and (c) TEM images of 
platelets.  

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

0

5

10

15

20

25

30

Mean thickness = 10.1 ± 0.1 nm 

C
o
u

n
ts

Thickness (nm)

 Counts

 Gauss fit

100 particles counted

0 5 10 15 20 25 30 35 40 45 50 55 60

0

10

20

30

40

50

Mean diameter 

= 29.6 ± 0.2 nm 

100 Particles counted

C
o
u
n
ts

Diameter (nm)

 Counts

 Gauss Fit

(a)

(b)

(c)

https://doi.org/10.26434/chemrxiv-2024-wqjcw ORCID: https://orcid.org/0000-0002-7984-2985 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-wqjcw
https://orcid.org/0000-0002-7984-2985
https://creativecommons.org/licenses/by/4.0/


TEM reveals the formation of uniform cylindrical 
micelles which exceed lengths of 500 nm and exhibit 
a regular shape which stands in contrast to the 
shorter irregular worm-like aggregates obtained from 
self-assembly in water. The formation of rather stiff 
cylindrical micelles is a typical feature of CDSA and, 
thus, points to crystallization as driving force for self-
assembly in ethanol. They cylinders possess 
narrowly distributed thicknesses between 6 and 14 
nm with a statistical average of 10.1 ± 0.1 nm. Such 
a thickness points towards a folding of the PhNCS-
co-OX chains within the cores. Heating of the 
analogous sample for another 3 days results in a 
different morphology as apparent from a shift in the 
DLS trace from an average diameter of 170 to 770 
nm. TEM reveals the fusion of the cylindrical micelles 
obtained after 1 day to platelet-like structures 
although these structures are less uniform than the 
cylindrical aggregates from before. Similar platelets 
can also be obtained by sonification of the bulk 
material followed by annealing although further 
investigation of ROCOP polymers in crystallisation 
driven self-assembly are required. 

Conclusions 

In conclusion, we have established the 
copolymerization of oxetane with phenyl 
isothiocyanate as a practical method to obtain 
sulfurated copolymers. The method can delivers 
materials at high molecular weights that exhibit some 
of the highest melting points in the field. To study 
their crystallization behaviour, we have developed a 
new self-nucleation procedure that revealed 
kinetically governed linkage selectivity, as well as 
phenyl substitution, to be key in maximizing 
crystallinity. Demonstrating the utility of the new 
polymerization, we have prepared an amphiphilic 
and double-crystalline block polymer for which the 
crystallization of one block seeds the crystallization 
of the other. Because of the crystallization kinetics, 
nanostructures with different morphologies, including 
amorphous (spherical and worm-like aggregates) 
and semi-crystalline cores (cylindrical micelles and 
platelets), can be obtained depending on the self-
assembly conditions in the solution. Owing to the 
degradability and recyclability benefits that 
sulfurated polymers exhibit, PhNCS-co-OX could 
represent an alternative to established polymers in 
engineering plastics, optical or optoelectronic 
applications.  
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